Interferons (IFNs) are cytokines that communicate signals for a broad spectrum of cellular activities that encompass antiviral and immunomodulatory responses, as well as growth regulation. These pleiotropic cellular activities are mediated through a large number of proteins whose expression is triggered by activated interferon receptors present on almost all cells (3, 32) . Intensive research established JAK/STAT as the principal intracellular signaling pathway downstream of interferon receptors (9, 15, 25) . Despite great progress, our understanding of the complex IFN activities remains incomplete.
Interferon-stimulated gene 15/ubiquitin cross-reacting protein (designated ISG15/UCRP) is a 15-kDa ubiquitin-like protein identified as a product of an IFN-stimulated gene in humans (11) . ISG15-homologous genes were found in several other species but are absent in yeast (26) . ISG15 expression is induced in many cell types by IFNs, viral infection, bacterial endotoxins, double-stranded RNA, and genotoxic stress (7) . Congruently, transcription factors of the interferon regulatory factor family (IRF) (IRF-1, IRF-3, IRF-4, IRF-7, and ICSBP/ IRF-8) that bind to the interferon-stimulated response element motif in the regulatory DNA region of ISG15, together with the ets factor PU.1, regulate ISG15 expression (28) . ISG15 was also found to be strongly induced by NEMO/IB signaling (16) .
The mature ISG15 polypeptide is generated from a precursor by specific cleavage of the carboxyl-terminal extension (26) , a feature common to several ubiquitin-like proteins. The ISG15 protein consists of two ubiquitin-like domains with an overall sequence similarity to ubiquitin of 59.3%. Moreover, the fold-determining sequences of ubiquitin are also very highly conserved in ISG15 (7) . ISG15 contains the canonical LRGG motif at its C terminus, which is required for conjugation of ubiquitin and ubiquitin-like proteins to their targets. Similar to conjugation of ubiquitin and other ubiquitin-like molecules, such as SUMO or NEDD8, ISG15 is ligated by an isopeptide bond to several target proteins (17) . UBE1L and UbcH8 were identified as E1-and E2-conjugating enzymes for ISG15, respectively (34, 35) . Recently, as a first protein substrate to which ISG15 is conjugated, serine-protease inhibitor (serpin 2a) was identified by mass spectrometry (8) .
The functional significance of the protein modification by ISG15 conjugation (ISGylation) is not yet known. However, the following observations strongly suggested that it may have important physiological activity. Conjugation of ISG15 to several cellular proteins increases rapidly after endotoxin (lipopolysaccharide [LPS] ) and interferon induction (7, 21) . In parallel with accumulating evidence for interference of viruses with the ubiqutination/deubiquitination machinery of the cell (31), the NS1 protein of the human influenza B virus inhibits ISGylation (34) .
It has been reported that ISG15 is secreted by human monocytes and lymphocytes, displaying the properties of an interferon-induced cytokine (5) . According to these authors, ISG15 induces IFN-␥ production by T cells, stimulates the T-celldependent expansion of natural killer cells (CD56 ϩ ), and augments non-major histocompatibility class (MHC)-restricted cytolytic activity against tumor cell targets. However, these observations have not been extended further, so the molecular basis and the biological significance remain uncertain.
Another role may be ascribed to ISG15 during pregnancy. ISG15 expression in endometrium during pregnancy has been reported for several species, including the mouse (2) .
Recently, UBP43 (USP18), a specific protease which removes protein-conjugated ISG15, was identified (19) . UBP43-deficient mice have elevated levels of ISG15 conjugates, develop brain injury due to necrosis of ependymal cells, and die early (27) . Using immunoprecipitations and high-throughput Western blotting, several key regulators of signal transduction (JAK1, STAT1, ERK1, and phospholipase C␥1) were found to be modified by ISG15 conjugation (18) . The same group reported that in the absence of UBP43, IFN-␤ induced an extensive activation of JAK/STAT signaling, marked by a prolonged STAT1 phosphorylation and IFN-mediated gene activation. They concluded that ISG15 modification plays an important role in the regulation of interferon signaling (20, 28) .
The speculations on biological activities of free and conjugated ISG15 are further nourished by the increasing recognition of diverse functions of ubiquitin and ubiquitin-related protein modification (30) . Since direct and rigorous evidence for a physiological role of ISG15 has not yet been provided, we generated ISG15-deficient mice by gene targeting and analyzed the consequences of the lack of ISG15 and ISG15 protein modification in vivo.
MATERIALS AND METHODS

Generation of ISG15-deficient mice and genotyping. For the generation of ISG15
Ϫ/Ϫ mice, the genomic DNA of the ISG15 gene was isolated from a 129/Sv PAC mouse genomic library (Resource Center of the German Human Genome Project, MPI for Molecular Genetics, Berlin, Germany). A targeting vector was constructed from a 4-kb PCR fragment containing the 5Ј end and exon I (including translation-initiation codon ATG) of the ISG15 gene and a 2.5-kb SpeI fragment containing the 3Ј region of the ISG15 gene. The second exon of the ISG15 gene, including the open reading frame apart from the first ATG, was replaced by a neo cassette flanked by two loxP sites (Fig. 1) . Embryonic stem (ES) cells were electroporated with a KpnI-linearized target vector and grown under double selection as previously described (10) . Seven ES cell clones carrying the desired mutation were identified by the presence of an additional 2.8-kB BamHI fragment detected by a 3Ј probe (Fig. 1) . Two independent clones were used for injection into C57BL/6 blastocysts to generate germ line chimeras. ISG15-deficient animals were generated by interbreeding of heterozygous offspring. Mice were genotyped with the following primers: 5Ј-GCCCCCATCCAGAGCCAGT GTT-3Ј and 5Ј-AGCCCCGATGAGGATGAGGTGT-3Ј for the wild-type ISG15 allele and 5Ј-CGCGAAGGGGCCACCAAAGAA-3Ј and 5Ј-AGCCCCGATGA GGATGAGGTGT-3Ј for the mutated ISG15 allele. Mice used for analysis were on a 129OLA-C57BL/6 mixed background if not mentioned otherwise. For analyses of NK cells, mice backcrossed to C57BL/6 over six generations were used.
Generation of anti-ISG15 antisera. phate-buffered saline (PBS) and used to immunize rabbits. The resulting antisera were affinity purified using glutathione S-transferase-ISG15 recombinant protein expressed in E. coli. Cytokines, reagents, and antibodies. poly(I:C), IFN-␣/␤, IFN-␥, and LPS from E. coli O55:B5 were purchased from Sigma. STAT1 mouse monoclonal antibody (MAb) and STATp Tyr701 (rabbit) antibody were from Cell Signaling; anti-actin (goat) antisera were from Santa Cruz.
Western blotting. Cells in 6-cm dishes were treated as indicated in the figure legends and lysed at different time points with radioimmunoprecipitation assay buffer containing protease inhibitors (Boehringer). Protein was loaded on sodium dodecyl sulfate-containing polyacrylamide gels; upon separation, it was blotted to nitrocellulose by standard techniques. Western blots were incubated with primary antibodies according to the manufacturer's protocol, and secondary antibodies were coupled to horseradish peroxidase. Blots were then developed using ECL reagent (Amersham).
Antibodies and flow cytometry. Single-cell suspensions were prepared from the thymuses, spleens, bone marrow, and lymph nodes of 6-to 8-week-old mice. All cells were subjected to hypotonic lysis of red blood cells by 12 min of incubation in a solution containing 150 mM NH 4 Cl, 15 mM Na 2 CO 3 , and 0.1 mM EDTA (pH 7.3), followed by washing in PBS containing 2% newborn calf serum, 0.1% NaN 3 , and 2 mM EDTA and staining with antibodies against cell surface molecules. For flow cytometric analysis, the unlabeled, biotinylated, phycoerythrin-, allophycocyanin-, or fluorescein isothiocyanate-conjugated antibodies against the following cell surface molecules were used: CD3ε (145-2C11), CD4 (RM4-5), CD8␣ (53-6.7), CD11b (M1/70), Gr1 (RB6-8C5), CD45R/B220 (RA3-6B2), immunoglobulin D (IgD) (11-26c. 
a Mean percentage Ϯ standard error of the mean is given for groups of 5 to 12 animals analyzed.
Frequency of NK cells after stimulation with poly(I:C).
Mice used in this experiment were backcrossed to the C57/B6 genetic background for at least 6 generations. Mice (6 to 8 weeks old) were injected intraperitoneally with 0.5 mg poly(I:C) in 0.5 ml PBS. Control mice were treated with 0.5 ml PBS. Animals were killed after 36 h, and single-cell suspensions were prepared from their spleens. Alternatively, a daily injection of 0.5 mg/ml poly(I:C) for 3 days was administered. After hypotonic lysis of red blood cells, the cell suspensions were stained with antibodies against CD3ε (145-2C11) and pan-NK (DX5) (PharMingen). Samples were analyzed on a FACSCalibur flow cytometer (Becton Dickinson) according to standard protocols.
Cytotoxicity assay. Cytotoxic activity of NK cells was assessed against 51 Crlabeled YAC-1 target cells by a standard 51 Cr release assay. Effector cells consisted of splenocytes that had been stimulated in vivo for 24 h by intraperitoneal injection of 100 g poly(I:C)/mice (Sigma). Alternatively as effector cells, NK cells were used that had been enriched by positive selection from splenocytes using anti-DX5 paramagnetic beads according to the manufacturer's protocol (Miltenyi Biotech). This procedure typically yielded a cell population consisting of 70 to 80% DX5 ϩ cells. YAC-1 target cells were labeled with 100 Ci sodium ( 51 Cr-labeled) chromate for 2 h at 37°C. Labeled target cells were washed three times and plated at 10 4 cells per well with appropriately diluted effector cells. After 4 h, supernatants were counted with a scintillation counter. The percent specific lysis was calculated as [(experimental release Ϫ spontaneous release)/ (maximum release Ϫ spontaneous release)] ϫ 100.
Cell culture. Bone marrow-derived macrophages (BMM) were generated as previously described (29) . Briefly, bone marrow from mice was isolated and subjected to erythrocyte lysis. Remaining cells were plated in non-tissue-culture plates in media containing 25% L-cell-conditioned medium as a source of interleukin-3. After 7 days, the resulting bone marrow macrophages were harvested and used for further experiments. Murine embryonic fibroblasts (MEFs) were derived by disaggregation of day 13.5 embryos from timed matings by stirring the embryos at 37°C in trypsin with glass beads. Cells were used up to a maximum passage number of six.
Antiviral activity assay. The ability of MEFs to resist vesicular stomatitis virus (VSV) infection was determined using a cytopathic effect assay (13, 14) . Briefly, MEF cells were seeded into 24-well plates at a density of 5 IU subcutaneously in 0.05 ml into the hind footpad. For determination of the virus titer in the spleen, weighed portions of the organ were homogenized in PBS and the number of PFU was determined with L929 cells. Levels of IFN-␥ in the sera of mice were measured by a specific enzyme-linked immunosorbent assay according to the recommendations of the manufacturer (R&D Systems). The LCMV-induced delayed-type hypersensitivity (DTH) reaction was monitored by measuring the dorsoventral thickness of the inoculated and the contralateral hind footpads with spring-loaded calipers (Kroeplin). The swelling factor was calculated by dividing the thickness of the inoculated foot by that of the control foot.
Activation of IFN-inducible genes and Northern blot analysis. Bone marrow macrophages were plated at 10 6 in 6-cm dishes treated with medium, recombinant IFN-␥ (1,000 U/ml) or IFN-␣/␤ (1,000 U/ml) (Sigma). MEFs were treated with recombinant IFN-␤ (100 U/ml) (Calbiochem). After stimulation, cells were lysed and RNA was isolated with TRI-Reagent (Sigma) according to the manufacturer's protocol. RNA (5 to 10 g/lane) was separated on 1% formaldehydeagarose gels and blotted to a positively charged nylon membrane. Probes were radioactively labeled with Rediprime (Amersham) and hybridized with ExpressHyb-Solution (Clontech) according to the manufacturer's protocol.
RESULTS AND DISCUSSION
Lack of ISG15 does not affect embryogenesis, viability, or fertility. Mice lacking ISG15 were generated by replacing the complete coding region with a neomycin resistance cassette flanked by loxP sites by homologous recombination in ES cells (Fig. 1A) . The desired mutation was identified by Southern blot analysis (Fig. 1B) and confirmed by Northern blotting (Fig. 1C) . Western blot analysis of BMM before and after the induction of ISG15 with LPS and IFN-␤ was performed to demonstrate the absence of ISG15 protein and ISG15 conjugates ( Fig. 1D and E) . Thus, the established mouse strain, referred here as ISG15 Ϫ/Ϫ , is an ISG15 null mutant.
Intercrosses of ISG15
ϩ/Ϫ animals yielded homozygous, ISG15
Ϫ/Ϫ mice in expected Mendel's ratios, indicating that embryogenesis was not negatively affected by the absence of ISG15. The mice lacking the ISG15 gene were viable, and their overall appearance was indistinguishable from ISG15 ϩ/ϩ and ISG15 ϩ/Ϫ littermates inspected over Ͼ1 year. The observation that ISG15 is up-regulated after conception in the uteri of mice, as well as of several other species, together with the notion on the inducible expression of ISG15 in bovine endometrium by IFN-, raised speculations about the role of ISG15 during implantation and pregnancy (2) . However, the mating of homozygous, ISG15
Ϫ/Ϫ mice yielded the same number of littermates as ISG15 ϩ/ϩ mice (data not shown), which strongly argues against an essential and nonredundant role of ISG15 in murine fertility or pregnancy.
Loss of ISG15 does not affect the development and distribution of the major cell lineages of the immune system. It was reported that ISG15 is secreted from monocytes, lymphocytes, and nonimmune cells upon induction by different factors, including IFN-␣ and IFN-␤, and was proposed to function as a cytokine (5) . To determine whether ISG15 plays a role in establishing the major cell populations of the immune system, the thymus, bone marrow, spleen, and lymph nodes were analyzed by flow cytometry. As documented in Table 1 , no significant differences between ISG15 ϩ/ϩ and ISG15 Ϫ/Ϫ mice in frequencies of analyzed cell populations were detected. Thus, the lack of ISG15 does not affect the composition of the main cellular compartments of the immune system in a steady-state situation. In addition, major cell populations of spleen and thymus were analyzed after induction of ISG15 by daily injections with poly(I:C) for 3 days. As shown in Table 2 no significant difference could be detected under these conditions between wild-type and ISG15 Ϫ/Ϫ animals. Lack of ISG 15 does not affect poly(I:C)-induced NK cell proliferation and NK cell activity. Immunoregulatory properties of ISG15 in its secreted form (4) had been postulated based on in vitro experiments performed with recombinant human ISG15 on B cell-depleted lymphocytes. In these investigations, ISG15 induced the production of IFN-␥, the proliferation of CD56 ϩ NK cells, and the formation of LAK cells. To address whether the proliferation of NK cells is affected by the loss of ISG15, ISG15
ϩ/ϩ and ISG15 Ϫ/Ϫ mice were stimulated with poly(I:C) for 36 h or alternatively for 3 days with daily injections of poly(I:C), and frequencies of NK cells were determined. As seen in Table 3 , the numbers of NK cells were comparable in both types of mice.
To investigate whether the ISG15 deletion affected the activity of NK cells, the ability to lyse NK-susceptible YAC-1 tumor cells was assessed. Neither unfractionated ISG15 Ϫ/Ϫ splenocytes ( Fig. 2A) 
nor ISG15
Ϫ/Ϫ cells that had been highly enriched for NK cells by DX5 ϩ selection (Fig. 2B ) displayed any defect in their cytolytic activity against YAC-1 target cells.
Furthermore, in vivo activity of NK cells was tested in an NK cell-dependent tumor rejection assay using RMA-S tumor cells that lack MHC-I (12, 33) . In this assay, tumor incidence was not enhanced in the absence of ISG15 (data not shown).
Together, our results do not provide any evidence for a significant role of ISG15 in NK cell proliferation and function. The immune response of mice against VSV is critically dependent on IFN and on STAT1 signaling, because mice lacking either the IFN-␣ receptor or STAT1 were shown to be highly susceptible to this virus (6, 22, 24) . To reveal a possible involvement of ISG15 in the control of VSV infection, ISG15 Ϫ/Ϫ mice were infected with graded doses of this virus. Neither the kinetics of virus-induced death nor the survival rate differed between ISG15
Ϫ/Ϫ and ISG ϩ/ϩ mice (Fig. 3B) . Thus, ISG15 is not indispensable for the control of this virus infection.
Antiviral cell-mediated immune responses of ISG15
Ϫ/Ϫ mice were studied in mice acutely infected with the LCMV. During this infection, almost any cell type of the innate and adaptive immune system is strongly activated, but CD8 ϩ T cells were necessary and sufficient for the acute elimination of this virus. Since recombinant ISG15 has been reported to stimulate the secretion of IFN-␥ by T cells prepared from the peripheral blood (4), the serum levels of IFN-␥ during the early phase of LCMV infection were measured. As shown in (Fig. 4B) . Neither the expansion of splenic CD8 ϩ T cells in general (Fig. 4C ) nor the percentage of CD8 ϩ cells specific for the three major immunodominant epitopes of the LCMV (Fig. 4D ) differed significantly between ISG15
Ϫ/Ϫ and wild-type controls. Finally, the DTH reaction induced by intraplantar injection of the virus into the hind footpad of mice was assessed. This DTH response is a biphasic swelling reaction mediated by CD8 ϩ or CD4 ϩ T cells in its first or second phase, respectively (23) . As shown in Fig. 4E , neither the kinetics nor the intensity of the swelling reaction in ISG15 Ϫ/Ϫ mice differed significantly from responses in wild-type controls. Thus, the lack of ISG15 did not significantly alter the activity of LCMV-induced NK cells or CD8 ϩ or CD4 ϩ T cells, indicating that ISG15 is not required for the proper activation or effector functions of these cells during LCMV infection.
Lack of ISG15 does not affect STAT1 (Y701) phosphorylation and the induction of typical STAT1 target genes. Malakhov et al. reported that STAT1 can be modified by the conjugation of ISG15 (18) . Mice lacking UBP43, the deconjugating enzyme for ISG15, show prolonged STAT1 phosphorylation and enhanced expression of STAT1 target genes. These authors concluded that ISG15 conjugation is an important regulatory mechanism of JAK/STAT signaling and thus of interferon signal transduction (20, 28) . We therefore analyzed STAT1 signaling in the absence of ISG15.
Macrophages and embryonic fibroblasts derived from ISG15 ϩ/ϩ and ISG15 Ϫ/Ϫ animals were stimulated with LPS and IFN-␣/␤, respectively, and the phosphorylation of STAT1 tyrosine 701 was examined. Neither in macrophages nor in MEFs was a difference detected in the kinetics of STAT1 phosphorylation between ISG15 ϩ/ϩ and ISG15 Ϫ/Ϫ cells (Fig.  5A) . To test STAT1 phosphorylation in and ISG15
Ϫ/Ϫ cells under high levels of ISG15 expression and ISG15 conjugation, BMM were prestimulated with LPS for 24 h to induce ISG15 and ISG15 conjugation. Subsequently, the cells were restimulated with IFN-␤. Also under these conditions, no difference in the STAT1 phosphorylation was observed. Congruently, mRNA expression levels of typical STAT1 target genes-the IRF-1, class II transactivator (CIITA), complement component c3 (C3), guanylate-binding protein-1 (GBP1), and IRF7 genes-remained unchanged in the absence of ISG15 (Fig. 5C  and D) . Taken together, no evidence was found for an essential role of ISG15 in STAT1 signaling.
As STAT1 is indispensable for NK cell activity (12), these results are also in accord with the lack of any diminished activity of NK cells in the absence of ISG15.
FIG. 5. STAT1 responses of ISG15
Ϫ/Ϫ and ISG15 ϩ/ϩ mice. (A) Bone marrow-derived macrophages and embryonic fibroblasts were stimulated with 100 ng/ml LPS and 100 U IFN-␤, respectively. Western blots were incubated with anti-pTyr701 antibody to detect STAT1 phosphorylation. (B) Bone marrow-derived macrophages were prestimulated with 100 ng/ml LPS for 24 h. Cells were washed and stimulated 3 h later with 100 U/ml IFN-␤ for the times indicated. Western blots were incubated with anti-pTyr701 antibody to detect STAT1 phosphorylation (C) Bone marrow macrophages derived from ISG15 Ϫ/Ϫ and ISG15 ϩ/ϩ mice were stimulated with IFN-␣/␤ or IFN-␥ for the times indicated. Upon RNA isolation, Northern blots were hybridized with probes specific for the STAT1 target genes IRF-1, class II transactivator (CIITA), complement component c3 (C3), guanylatebinding protein-1 (GBP1) and ␤-actin as loading control. (D) Primary embryonic fibroblasts were stimulated with recombinant murine IFN-␤ for the times indicated. A Northern blot was hybridized with a probe specific for IRF-7 and upon stripping with a ␤-actin probe as a loading control.
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Concluding remarks.
Previously, a broad spectrum of biological activities were attributed directly to ISG15 and to protein modification by conjugation of ISG15. Given the fact that the main components of the ISG15 conjugation system (ISG15, UBE1L, UbcH8, and UBP43) are all induced by IFN, it is surprising that ISG15 Ϫ/Ϫ mice did not reveal any failure in antiviral immune defense against VSV and LCMV or STAT1 signaling. Our results do not support the interpretation of data obtained with UBP43 Ϫ/Ϫ mice that suggested an important role of ISG15 in the regulation of the JAK/STAT pathway and interferon signaling (20, 28) . STAT1 modification and the functional alterations observed with UBP43 Ϫ/Ϫ mice might result from the aberrantly enhanced ISG15 expression, together with defective deconjugation, and do not necessarily play a role under physiological conditions. Alternatively, UBP43 may have ISG15-independent activities.
Furthermore, we did not find any in vivo evidence to support the previous claims on cytokine-like activity of ISG15 (5) or its role during pregnancy (1) .
Thus far, analysis of ISG15 Ϫ/Ϫ mice did not provide any evidence for a specific function that could be attributed to ISG15. Alternatively, ISG15 activity may be redundant, and its lack may be well compensated. However, due to the diversity of IFN and immune responses, it is also possible that challenging ISG15
Ϫ/Ϫ mice with other pathogens or investigating them in other experimental settings might uncover specific functions for ISG15 and ISG15 conjugation. Identification of novel ISG15 target proteins could enlighten other as-yet-unknown activities of this protein modifier, and ISG15 Ϫ/Ϫ mice will be an important tool to unravel their biological significance.
